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a  b  s  t  r  a  c  t
The  enhanced  performance  of  a squaraine  compound,  2,4-bis[4-(N,N-diisobutylamino)-2,6-
dihydroxyphenyl]  squaraine  (SQ)  as  a donor,  and  [6,6]-phenyl-C71-butyric  acid  methyl  ester  (PC71BM)
as  an  acceptor  in  solution  processed  organic  photovoltaic  devices  (OPVs)  via  the anode  modiﬁcation  and
thermal  annealing  is investigated.  Through  the  optimization  of these  two  factors,  a maximum  power
conversion  efﬁciency  (PCE)  of 4.08%  under AM  1.5 G illumination  (100  mW/cm2)  is obtained.  The  results
show  that  poly  (3,4-ethylenedioxythiophene):poly  (styrenesulfonicacid)  (PEDOT:PSS)  deteriorates  the
performance  of  SQ:PC71BM  based  OPVs,  and  MoO3 is used  to  substitute  PEDOT:PSS  as  an  effective
exciton-blocking  layer.  A higher  open-circuit  voltage  (VOC)  of  0.95  V is  reached.  The barrier  matchingnode modiﬁcation
oO3
hermal annealing
between  the energy-level  of MoO3 and  HOMO  of  SQ  enhances  ﬁll  factor  (FF)  and  short-circuit  current
density  (JSC). The  operation  mechanism  of the thermal  annealing  is  also  straightened  out.  The  higher
carrier  mobility  and  improved  contact  is  obtained  under  70 ◦C  annealing,  which  results  from  the  higher
nanoscale  crystallinity  and  the  optimal  scale  phase  separation  between  donor–acceptor  networks.
Hence  the balanced  charge  carrier mobility  increases  the  FF  and  PCE of  OPVs  by  decreasing  the  charge
recombination.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.. Introduction
Organic photovoltaic devices (OPVs) have attracted great
esearch interest due to their potential as lightweight, low-cost,
exible sources of renewable energy [1–3]. Although encour-
ging progress has been made in recent years, it has still not
pproached commercialization compared to silicon based solar
ells. The power conversion efﬁciency (PCE) of OPVs needs to
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Open access under CC BY-NC-Nbe increased further to satisfy the practical applications. So far,
both solution process and thermal evaporation are used to fab-
ricate OPVs. Solution process has been more widely used due
to the easy operation and the potentially low-cost of fabrication
[4,5]. To obtain improved performance, efforts have focused on the
design and synthesis of soluble donors with high charge carrier
mobility and absorption in the visible and new-infrared spectral
regions, in combination with the high interfacial gap energy at
the donor–acceptor interface. Among the small molecule materials,
owing to their high absorption coefﬁcients and intense absorption
in the red and near-infrared (NIR) spectral regions, 2,4-bis[4-(N,N-
diisobutylamino)-2,6-dihydroxyphenyl] squaraine (SQ) dyes have
shown tremendous potential for OPVs [6–8]. Especially, SQ has
lower highest occupied molecular orbits (HOMO) energy level than
that of other commonly used donors such as copper phthalocyanine
[9].
The device performances of OPVs are greatly dependent on the
properties of active layer materials, nanoscale morphology, and
interface modiﬁcation. Anode modiﬁcation and thermal annealing
have been demonstrated as the efﬁcient ways to improve the PCE of
OPVs. In order to modify the interface between active layer/anode,
many buffer layers or ultrathin layers have been reported, such
D license.
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s poly (3,4-ethylenedioxythiophene):poly (styrenesulfonicacid)
PEDOT:PSS) [10], NiO [11], MoO3 [12–14], WO3 [15], and V2O5
12]. Especially, PEDOT:PSS is the best popular anode modiﬁcation
aterial. However, it is also found that PEDOT:PSS deteriorates the
evice performance [16,17]. On the other hand, thermal annealing
as been demonstrated as an efﬁcient way to improve the perfor-
ance in OPVs [18,19]. Using these methods, a bulk heterojunction
BHJ) with a preferred donor domain size and bicontinuous inter-
enetration network is formed, which allows the excitons to diffuse
o the donor–acceptor interface and charge carriers to transport to
he respective electrodes after separation.
In this work, we demonstrate that the performance of solution-
rocessed SQ:PC71BM based small molecule organic solar cells
an be improved via anode modiﬁcation and thermal anneal-
ng methods. MoO3 was used to substitute PEDOT:PSS as the
node modiﬁcation layer and the inﬂuence of acidic interlayer
PEDOT:PSS) on the performance of OPVs was investigated in detail.
he morphology and charge carrier mobility of SQ:PC71BM ﬁlms
ere characterized to illuminate the mechanism of thermal anneal-
ng.
. Experimental
Patterned indium tin oxide (ITO)-coated glass substrates with
 sheet resistance of 15 ohm/square were cleaned consecutively in
ltrasonic bath containing detergent, acetone, ethanol, and deion-
zed water for 10 min  each, and ﬁnally blow-dried by high purity
itrogen. The substrates were treated by UV-ozone for 5 min, and
hen the buffer layer was  fabricated. For the buffer layer, two
ifferent materials were used, namely, PEDOT:PSS and MoO3. A
EDOT:PSS layer of about 25 nm thickness was obtained by spin-
oating an aqueous solution (Clevios P Al 4083) onto ITO coated
lass substrates, followed by baking at 120 ◦C for 10 min. 80 A˚ MoO3
ayer was thermally evaporated onto ITO substrates under a vac-
um of less than 3 × 10−4 Pa at a rate of 0.5 A˚/s. Subsequently, the
hotoactive layer was fabricated by spin-coating a blend of the SQ
nd PC71BM in chloroform with total concentration of 20 mg/mL
1500 rpm, 50 s) under a N2-ﬁlling glove box at 25 ◦C. The solution
ixture was stirred for 12 h at room temperature. Then the sub-
trates were loaded into a vacuum chamber to deposit LiF (8 A˚) and
l (1000 A˚) under a pressure of less than 3 × 10−4 Pa at a rate of
.2 A˚/s and 1.5 A˚/s respectively. Deposition rate and ﬁlm thickness
ere in situ monitored using a quartz crystal oscillator mounted to
he substrate holder. The active area is 6 mm2. The current–voltage
urves in dark and under illumination were measured using an
bet solar simulator with a Keithley 4200 source measurement
nit under AM 1.5 G illumination (100 mW/cm2), after spectral
ismatch correction under an ambient atmosphere at 25 ◦C. The
bsorption spectrum was measured by Shimadzu UV-3101 PC spec-
rometer under an ambient atmosphere at 25 ◦C. Thermal annealing
as carried out by directly placing the substrates with spin coated
hotoactive layers on a digitally controlled hotplate at various tem-
eratures for 10 min  in a N2-ﬁlling glove-box. Hole-only devices
ere fabricated with the structure of ITO/MoO3 (8 nm)/SQ:PC71BM
80 nm)/Au (100 nm). Samples for atomic force microscopy (AFM)
easurements were prepared by casting SQ:PC71BM blend thin
lms on ITO-coated glass substrates with a 8 nm thick MoO3. The
hemical structure of SQ and device structure of OPVs is shown in
ig. 1(a). The energy level diagrams of different materials used in
he device fabrication are shown in Fig. 1(b).
. Results and discussionFig. 2 shows the current density–voltage (J–V) characteristics of
ifferent OPVs under AM 1.5 G illumination with an intensity of
00 mW/cm2. For the ITO only device, the PCE is only 2.84% dueFig. 1. (a) Chemical structure of SQ and device structure of OPVs. (b) Energy level
diagram of OPVs.
to the low ﬁll factor (FF) of 36%, despite the high short-circuit cur-
rent density (JSC) of 8.76 mA/cm2 and the high open-circuit voltage
(VOC) of 0.90 V. The VOC and FF of the device with MoO3 as a buffer
layer inserted between ITO and the photoactive layer increases to
0.95 V and 43%, respectively, and JSC of this device is 8.79 mA/cm2,
almost unchanged compared with that of the ITO only device.
Therefore, the PCE of the device with MoO3 buffer layer increases
to 3.59%. Using the more widely used PEDOT:PSS interlayer leads
to a diminished performance, particularly a loss in VOC. The PCE of
the device with PEDOT:PSS interlayer is less than 2.0%, with the JSC
of 7.90 mA/cm2, VOC of 0.79 V and FF of 31%. We  also prepared con-
ventional devices based on poly(3-hexylthiophene):(6,6)-phenyl
C61 butyric acid methyl ester (P3HT:PC61BM) with two  differ-
ent buffer layers, MoO3 and PEDOT:PSS. J–V characteristics are
shown in Fig. 2(b). It shows that VOC of two  devices are almost
same, and the performances change a little. Thus we believe that
PEDOT:PSS buffer layer in SQ:PC71BM based OPVs must involve a
different mechanism from it in conventional P3HT:PC61BM based
OPVs (Table 1).
The diminished performance can be explained by the proto-
nation of the pyridyl nitrogen due to the strong acidic nature
of PEDOT:PSS, like p-DTS(PTTh2)2 [20]. To explore whether SQ
molecules are sensitive to protonation, the solution absorption
spectra of SQ with various equivalents of triﬂuoroacetic CF3CO2H
acid in chloroform are measured. The resulting absorption proﬁles
(Fig. 3(a)) show signiﬁcant changes immediately upon acid addi-
tion. A new peak around 530 nm is detected but the absorption
around 690 nm decreases. It suggests that the chromophore






















iig. 2. J–V characteristics of OPVs with different types of anodes, namely, ITO only, IT
lend.
ackbone is inﬂuenced by the protonation. Notably, the effect
oes not saturate even up to ten equivalents of acid, which means
n equilibrium between protonated and non-protonated species
n solution. Above results indicate that SQ is sensitive to acidic
ondition and the acidic buffer layer can cause performance
egradation in SQ based OPVs.
To conﬁrm our ideas, we further investigate the absorption
pectra of SQ:PC71BM blend ﬁlms with different buffer layers
ITO/PEDOT:PSS and ITO/MoO3) before and after keeping the blend
lms in the N2-ﬁlling glove box for 48 h. All the absorption spectra
re shown in Fig. 3(b). The major peak at 690 nm originates from SQ.
fter the blend ﬁlms are kept in the N2-ﬁlling glove box for 48 h, the
ntensities of the peak at 690 nm decrease for both kinds of anode
uffer layers but in the case of PEDOT:PSS, the intensity declines
ore obviously. This demonstrates that PEDOT:PSS can undergo
hemical reaction with SQ and leads to an instability of the pho-
oactive layer. Therefore, the performance of SQ:PC71BM solar cells
able 1
hotovoltaic performance parameters of OPVs with different types of anodes.
Anode VOC (V) JSC (mA/cm2) FF PCE (%)
ITO only 0.90 8.76 0.36 2.84
ITO/PEDOT:PSS 0.79 7.90 0.31 1.93
ITO/MoO3 0.95 8.79 0.43 3.59
P3HT reference
ITO/PEDOT:PSS
0.59 6.33 0.60 2.24
P3HT reference
ITO/MoO3
0.60 6.33 0.65 2.47
ig. 3. Absorption spectra of (a) SQ with various equivalents of triﬂuoroacetic acid in chlo
n  the N2-ﬁlling glove box for 48 h later. PEDOT:PSS, and ITO with MoO3 (8 nm): (a) SQ:PC71BM blend and (b) P3HT:PC61BM
declines rather than improves after introducing the PEDOT:PSS
buffer layer.
Considering that PEDOT:PSS causes the deterioration of the pho-
toactive layer, MoO3 is used to modify the anode in SQ:PC71BM
based solar cells. With the insertion of MoO3 layer, the perfor-
mance is remarkably improved. It can be explained by the proper
energy-level alignment between MoO3 and SQ, which results in
the efﬁcient hole extraction. In addition, the band gap of MoO3 is
around 3 eV. MoO3 can act as an effective exciton-blocking layer to
mainly prevent exciton quenching at the anode.
On the other hand, VOC of the device increases from 0.9 V to
0.95 V after MoO3 modiﬁcation. The higher VOC can be expected
according to the Shockley equation as a consequence of reduced











where Jph is the photocurrent, JS is the reverse dark saturation cur-
rent density, n is the ideality factor, k is the Boltzmann constant and
q is the elementary charge. In general, the decreasing dark current
density JD and a decreasing reverse dark saturation current density
JS help to enhance VOC of the devices [21].
What’s more, according to the model of Mihailetchi et al. [22],
the dark J–V characteristics of solar cells can be split into three dis-
tinct regimes: a leakage current dominated regime at low voltages,
a diffusion current dominated regime around the built-in voltage,
and a space charge limited current dominated regime at high vol-
tages. As shown in Fig. 4, in the leakage dominated regime (<0.9 V),
roform. (b) SQ:PC71BM blend ﬁlms with different types buffer layers and then kept






























vig. 4. Semi-logarithmic current density vs. voltage characteristics of ITO only and
TO/MoO3 devices in the dark.
he dark current density of the device with a MoO3 interlayer is
–2 orders lower than that of the ITO only device. The VOC incre-
ent is calculated to be 0.05–0.10 V by using Eq. (1) according to
D value in this regime, which is consistent with the experimental
alues. However, the absolute calculated VOC is not available since
he Shockley model is not an accurate model for BHJ devices. It also
e noted that the diffusion current dominated regime shifts 50 mV
n the device with MoO3 interlayer compared to that of ITO only
evice, which is strong evidence that the built-in voltage of the
ctive layer can indeed be enhanced by MoO3 interlayer.
Fig. 5 shows the external quantum efﬁciency (EQE) of the cor-
esponding OPVs. For the entire wavelength range, the EQE spectra
onsist of three major peaks at approximately 360 nm,  480 nm
nd 690 nm.  The peaks at 360 nm and 480 nm correspond to the
bsorption of PC71BM,  and the third one at 690 nm arises from
Q. The device with MoO3 layer exhibits a higher EQE than that
f the other two. In addition, there is no noticeable difference in
hape of the EQE spectra between ITO only and ITO/MoO3 devices.
ut for ITO/PEDOT:PSS device, the EQE peak of SQ decreases more
ronouncedly than the other two peaks of PC71BM.  These results,
irectly analogous to those obtained in absorption, further conﬁrm
bove discussions. Therefore, it is concluded that MoO3 is favor-
ble to improve the performance of SQ:PC71BM based solar cells. In
rder to get an enhanced performance, the thermal annealing for
Q:PC71BM ﬁlm at various temperatures was processed.
The J–V characteristics of OPVs based on SQ:PC71BM blend
lms with various annealing temperatures from 50 ◦C to 110 ◦C
or 10 min  in nitrogen are exhibited in Fig. 6. The extracted device
ig. 5. External quantum efﬁciency as a function of wavelength for devices with
arious anodes.Fig. 6. J–V characteristics of OPVs based on SQ:PC71BM blend ﬁlms with various
annealing temperatures for 10 min.
parameters are summarized in Table 2. As illustrated in Fig. 6, VOC
remains almost unchanged for all devices, whereas JSC and FF ﬁrstly
increase and then decrease when the treatment temperature is
higher than 70 ◦C. JSC reaches a maximum value of 9.44 mA/cm2
after annealing at 70 ◦C, a maximum PCE of 4.08% with VOC = 0.92 V
and FF = 0.47 is obtained.
The increase in JSC and FF implies lower series resistance (RS) and
higher carrier mobility. As discussed above (shown in Table 2), the
series resistance decreases from an initial value of RS = 11.32  cm2
to RS = 8.99  cm2 after annealing at 70 ◦C. In order to verify the
hole-transporting properties, hole-only devices were fabricated
with the structures of ITO/MoO3/SQ:PC71BM/Au. We measured J–V
characteristics of the devices and then ﬁt the results by using space-
charge-limited current (SCLC) model [23–25] and the Mott–Gurney
law [26] that includes ﬁeld-dependent mobility. The current den-







where ε0 is the permittivity of free-space, εr is the relative dielectric
constant of the active layer, L is the thickness of the active layer, and
 is the zero-ﬁeld mobility. The J–V characteristics of the devices
are shown in Fig. 7. The data follow the relation of J ∝ V2, and hence
are ﬁtted by the SCLC model to get the value of h. The results show
that the hole mobility h increases from 2.26 × 10−6 cm2/V s to
3.34 × 10−6 cm2/V s when the device annealed at 70 ◦C for 10 min.
It suggests that the charge transport properties are substantially
improved.
The higher carrier mobility of these blend ﬁlms after thermal
annealing is resulted from the improved nanoscale crystallinity and
optimal scale of the phase separation between the donor–acceptor
networks. The improved crystallization by annealing was observed
in both polymer and small-molecule solar cells [18,19]. The
enhanced crystallization increases the probability of optically
active –* electronic transitions [27], so a strengthened absorp-
tion intensity can be observed. The EQE for devices annealed
at various temperatures are shown in Fig. 8. The EQE peak at
Table 2
Photovoltaic performance parameters of OPVs based on SQ:PC71BM blend ﬁlms with
various annealing temperatures for 10 min.
Annealing
temperature (◦C)
VOC (V) JSC (mA/cm2) FF PCE (%) RS ( cm2)
As-cast 0.95 8.79 0.43 3.59 11.32
50  0.92 9.28 0.45 3.84 9.48
70 0.92 9.44 0.47 4.08 8.99
90 0.92 8.90 0.46 3.77 9.87
110 0.92 8.45 0.44 3.42 10.29












uig. 7. J–V characteristics of SQ:PC71BM (1:5) single carrier devices used for hole
obility measurement.
round 690 nm of SQ increases from 55% (as-cast) to 60% after the
evice annealed at 70 ◦C for 10 min. When the temperature further
ncreased to 110 ◦C, the peak EQE is reduced to <50% across the
ntire wavelength range. The shape of the EQE spectrum resembles
he shape of the absorption spectrum of the blended ﬁlms. So the
emarkable increased EQE indicates the higher absorption inten-
ity which due to the enhanced crystallization of SQ in annealing
rocess.The nanoscale morphology control of the donor–acceptor
nterpenetrating networks by thermal annealing can be deeply
nderstood with respect to the surface of the devices. The
Fig. 9. Atomic force microscopy showing the morphology of SQ:PC71BM blend Fig. 8. External quantum efﬁciency as a function of wavelength for devices annealed
at  various temperatures for 10 min.
root-mean-square (RMS) roughness, which is in part due to the
phase separation, has been observed in the AFM. The roughness
obtained from the AFM images (Fig. 9(a)) of the un-annealing
SQ:PC71BM blend ﬁlms is 1.41 nm.  In contrast, the roughness of
the blend ﬁlm annealed at 70 ◦C for 10 min  in nitrogen increases to
3.97 nm (Fig. 9(b)). This enhanced roughness results in optimized
and stable phase separation for efﬁcient charge separation and
transport. It also indicates that the annealing could lead to stronger
contacts and increased contact area, which is good for the excitons
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o diffuse to the donor–acceptor interface and charge carriers to
ransport to the respective electrodes after separation.
. Conclusion
In summary, the anode modiﬁcation and the thermal anneal-
ng were applied to optimize the performance of SQ:PC71BM based
olution-processed solar cells. The results revealed that a maxi-
um PCE of 4.08% was obtained through using MoO3 as the anode
odiﬁcation layer and thermal annealing at 70 ◦C. CF3CO2H acid
as used to prove that SQ is sensitive to acidic conditions and the
cidic nature of PEDOT:PSS deteriorates the performance of OPVs
ased SQ:PC71BM.  MoO3 layer acts as an effective exciton-blocking
ayer and improves the energy alignment between the anode and
he active layer, ﬁnally enhances the PCE. The operation mechanism
f the thermal annealing was straightened out. The higher carrier
obility and improved contact were obtained, which results from
he improved nanoscale crystallinity and optimal scale of the phase
eparation after annealing. This work demonstrates the availabil-
ty of anode modiﬁcation and thermal annealing on small-molecule
HJ solar cells, which paves the way for further enhancing the PCE
f small-molecule solar cells.
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